Abstract-This paper presents a new control method for indirect matrix converter operating under unbalanced grid voltages. The proposed method aims to achieve balanced output voltages as well as a near unity input power factor operation. First, an opportune reference current accurately generated, and a proportional integral resonant controller are designed in a dq reference frame that is synchronized with the positive sequence of the grid voltages so as to achieve a perfect tracking of input reactive power reference. Then, a real-time estimator of the virtual dc-link voltage is developed with the aim to provide balanced output voltages; therefore, an almost constant active power free of low frequency ripple is supplied from the grid. Experimental results are presented to verify the feasibility and effectiveness of the proposed control method.
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The sector's number whereĪ m is lying. K IR Gain of resonant term. K P , K I Proportional and integral gains of the PI controller. K damp Damping gain of resonant term.
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ATRIX converters are direct ac/ac power conversion devices that are capable of generating variable frequency and amplitude voltages at their output terminals without using bulky and limited lifetime electrolytic capacitors. This important feature allows for the design of high reliability high power density converters. The indirect matrix converter (IMC) depicted in Fig. 1 , has two major components namely; the four-quadrant current source rectifier called "grid side converter," and the voltage source inverter referred to as "load side converter." Similar to the direct conventional single stage converter, this topology can achieve near sinusoidal line/load currents, controllable input power factor, regeneration capability, etc. Moreover, it has a more secure and less complex commutation process as well as a simple clamp circuit [1] . Compared to the conventional back to back topology, no additional sensors or regulation loops are required to control the voltage across the dc-link [2] - [4] . Over the last years, several research works have showed that matrix converters are suitable for various modern industrial applications such as distributed power generation systems [5] , [6] , multidrive systems [7] , variable speed drives [8] , [9] , wind energy [10] , unified power flow controller [11] , etc.
However, like the conventional grid-tied converters, the expected performances (THD of line currents, THD of output voltages, maximum voltage transfer ratio) of matrix converters are considerably decreasing when operating under unbalanced grid voltages. It has been shown in [12] that the input voltage imbalance gives rise to low-order harmonics in the output voltages and input currents waveforms. Therefore, low-frequency ripples are provided in the waveform of the demanded instantaneous active power and the reactive power exchanged with the utility.
On the other hand, the input LC filter of the matrix converter introduces an inherent phase shift between the line currents (i a, i b, i c ) and grid voltages (E a, E b, E c ) which decreases the input power factor as deeply discussed in [13] - [17] . The resulting reactive power demanded from the power grid will therefore give rise to unwanted power losses in the transmission and distribution lines. When the supply voltages are unbalanced, the power grid becomes more sensitive toward the reactive power demand since the latter includes in addition to the dc component low-frequency ripple components which inherently enlarges the amount of the aforementioned losses. Note that the matrix converter has the capability to help in supporting the grid voltages by injecting the appropriate amount of reactive power as has been widely recommended by recent grid codes [18] - [20] . In this case, the converter needs to operate with a non-unity input power factor where the line currents are leading their corresponding voltages by a positive phase shift. This operation mode is however not the best suited one since it lowers the maximum voltage transfer ratio and consequently the maximum active power to be transferred to the load. Accordingly, the unity input power factor operation is the most opportune operating mode to be considered when the converter is connected to either balanced or unbalanced grid. Note also that the minimization of the reactive power exchange when the converter is connected to a distorted ac supply has been considered as a key constraint in [21] .
Different control methods were proposed in the literature to enhance the performance of single stage/IMC operating under unbalanced grid voltages. In [22] - [24] , several dynamic space vector modulations of the input currents are proposed to enhance their quality and cancel low-order harmonics that are caused by the grid voltages imbalance. However, the impact of these techniques on balancing the load currents was not discussed. In [25] , a modulation technique that determines the opportune amplitude and phase angle of the negative sequence of the line currents has been proposed with the aim to improve the quality of the line and load currents, respectively. In [26] , the authors proposed a modified calculation method of the grid voltages phase angle. This latter was combined with the conventional space vector modulation technique with the aim to enhance the quality of the output voltage waveform. In [27] , the authors proposed three modulation methods for the matrix converter based on three mathematical constructions of the rectifier and inverter modulation vectors. These methods achieve similar performance in terms of load current quality. As for the line current quality, the third method is a compromise between method I and II in terms of THD and third-order harmonic amplitude. In [28] , a feed-forward compensation method of the input voltage imbalance was proposed. It has defined an appropriate unbalanced switching function of the grid side converter so as to cancel the low-order harmonics contents in the voltage across the virtual dc-link. Consequently, balanced output voltages are provided at the load side. In [29] , the authors proposed an active compensation method that uses the clamp capacitor so as to provide balanced output voltages and preserve the maximum value of the voltage transfer ratio.
A feed-forward compensation method based upon measurement of the instantaneous grid voltages was proposed in [30] with the aim to provide balanced output voltages. In [31] , a predictive control algorithm is applied to the converter feeding an induction motor. It has been shown that the proposed strategy presents satisfactory behavior even under unbalanced grid voltages.
On the other hand, the input power factor correction under balanced grid voltages operation has been addressed by many research works [13] , [15] , [17] , [32] . The behavior of the converter has also been investigated under distorted grid voltages [21] , [33] . Such a disturbance of the grid voltage is however out of the scope of this study. This paper proposes an advanced control method of IMC operating under unbalanced grid voltages. The proposed controller is designed with the aim to achieve two main goals: 1) The converter should provide balanced output voltages and therefore an almost low-frequency-ripple free active power (constant active power) is demanded from the grid. 2) A near unity input power factor operation should be achieved. The second goal is the main novelty of the paper that has not been addressed by the previous research works.
The manuscript is organized as follows: Section II provides a detailed definition of the instantaneous active and reactive powers under unbalanced grid voltages. The proposed control method of the converter operating under unbalanced grid voltages is explained in Sections III and IV, respectively. The maximum voltage transfer ratio that can be reached with this method is determined in Section V. Finally, several experimental results are presented in Section VI and aimed to validate the proposed theoretical approach.
II. INSTANTANEOUS ACTIVE AND REACTIVE POWERS UNDER UNBALANCED GRID VOLTAGES
A three-phase unbalanced grid voltage system without a zerosequence can be modeled in a stationary reference frame as the sum of positive and negative sequence components [34] , [35] , such thatĒ
E + and E − are the peak values of positive and negative sequence components of the grid voltages. θ − is the initial phase angle of the negative sequence, and ω i is the angular frequency of the grid voltages. In (1), the initial phase angle of the positive sequence is assumed equal to zero.
On the other hand, the quality of input-line currents drawn by matrix converters operating under unbalanced grid voltages has been discussed by Casadei et al. in [36] and [12] . In both papers, it has been concluded that the input-line current waveforms depend upon the modulation strategy where two possible methods where evaluated.
1) The first modulation method keeps a constant input displacement angle between the instantaneous grid voltage and input current. This method provides nonsinusoidal line currents that include a series of positive-sequence harmonic components of order 2k + 1 (k = 1, 2, . . .).
2) The second modulation method performs a dynamic modulation of the input displacement angle between the grid voltage vector and input current vector. This method provides sinusoidal but unbalanced line currents where the harmonic spectrum is reduced to one positive and one negative sequence components. Therefore, according to the second method, sinusoidal and unbalanced line currents can be provided by the matrix converter such thatĪ
I + and I − are the peak values of the positive and negative sequences of the line currents; ϕ + and ϕ − are their initial phase angles. The instantaneous input active power supplied from the grid to the converter is derived by taking the real part of the complex power such that
(3) shows that the instantaneous active power at the grid connection point consists of a constant term that represents the average value P in 0 of the active power as well as cosine and sine terms of twice the grid frequency that are caused by the grid voltage imbalance. Assume the converter's losses are neglected; therefore the ripple terms can be canceled simply by providing balanced output voltages as will be explained in Section IV. On the other hand, it has been adopted in the recent literature that the instantaneous reactive power under unbalanced and nonsinusoidal grid voltages can be described in terms of virtual ac voltages that lag the actual grid voltages by 90° [37] as
E a,b,c are the instantaneous voltages that lag the actual grid voltages by 90°, i a,b,c are the instantaneous line currents. The reactive power is therefore equivalent to the real part of a quadrature complex power and can be defined as follows:
In a similar manner, one can observe that besides the constant term, a cosine and sine terms of twice the grid frequency appear in the instantaneous input reactive power waveform. In order to achieve a near unity input power factor operation, one should perform an accurate control of the average reactive power as will be explained in the following section.
III. INPUT POWER FACTOR CONTROL VIA THE GRID SIDE CONVERTER

A. Reactive Current Reference Calculation
The input power factor control requires the computation of the opportune line currents phase angles. Indeed, according to the first term of (5), the average reactive power that the converter can exchange with the grid depends on the initial phase angles 
On the other side, assume that the oscillating components of the input active power [two last terms of (3)] are perfectly compensated as will be discussed in Section IV. The conditions that nullify the two ripple terms found in (3) are
According to (7), (8a), and (8b), the opportune values of ϕ 
In order to achieve the control in a dq reference frame synchronized with the positive sequence of grid voltages, one can define the d-q components of grid voltages as well as the line currents such that
Substituting (8a) and (9a), (9b) in (11b) and rearranging, yields to the opportune references of positive and negative sequences of the line current reactive component as shown in (12a) and (12b) hereafter. A detailed mathematical development is given in the Appendix
One can verify from (11b) and (12a), (12b) that the q component of the positive sequence consists of a constant term (I 
B. PIR Based Closed-Loop Controller
With the aim to design the appropriate controller which allows an accurate tracking of the opportune current references computed by (12a) and (12b), we should first determine the dynamics of the line current reactive component i q . Using Kirchhoff laws, the reactive components of the line current and capacitor voltage can be expressed in a synchronous reference frame [17] , [38] 
As can be seen, the input current i m q that is considered as the control-law does not appear explicitly in the first derivative of i q . By differentiating (13a) and using (13b), we can obtain the dynamics of i q arranged in a canonical controllable form as shown in (13c) where
is the input filter resonant angular frequency
Reporting (13c) in Laplace domain, yields the transfer function described by (13d) where
The transfer function (13d) shows that in addition to the control-law i m q , there exist one coupling and two disturbance terms that should be compensated by the regulator. The use of a PI regulator with an appropriate compensation of the additional terms found in (13d) can perform a zero steady-state tracking error of the current reference only if the latter is a dc signal. Indeed, the key limitation of PI controllers is their inability to perform a perfect tracking of ac reference signals [39] . Accordingly, the ripple term existing in the current reference leads to amplitude and phase tracking errors if only a conventional PI regulator is used. Therefore, the PI controller is reinforced with a resonant term with a resonant frequency of twice the grid frequency. The transfer function of an ideal resonant controller is shown in (14) , where K IR and ω r = 2ω i are the gain and resonant angular frequency of the controller
In open-loop, H R (s) provides an infinite gain at twice the grid frequency which ensures an accurate tracking (in closed-loop) of the double-frequency ripple component of the reference current, as well as disturbance rejection for signals pulsating at the resonant frequency. These benefits are achieved without affecting the high frequency stability [41] , [42] . However, the infinite gain and narrow bandwidth of the resonant controller may cause instability due to grid frequency deviation and discretization errors [43] . Hence, in order to avoid stability problems, a damped resonant term (15a) is used instead of (14)
(15a)
K damp and Q damp are the damped gain and quality factor, respectively. The transfer function defined in (15a) provides a complete separation of the gain and bandwidth at resonant frequency such that
Moreover, one can observe that the standard ideal controller of (14) is a particular case of (15a) with Q damp ω r and
. Accordingly, the opportune control-law i m q is determined by multiplying the error signal by the PIR controller transfer function and removing the coupling and disturbance terms of (13d) which yields
As can be seen, (16a) requires the calculation of the first derivative of i d and E q which reduces the accuracy of the control-law for real-time implementation. An equivalent expression to the first derivative of E q can be deduced from (10) as follows:
On the other hand, the term (si sd ) can be substituted by the mathematical equation that describes the dynamics of i d in the dq frame such that
Plugging (16b) and (16c) into (16a), an equivalent expression of the control-law which is more suitable for real-time implementation is therefore obtained
The control-law i m q is thereafter used to determine the opportune direction of the input current space vector such that
where ϕ i is the instantaneous phase angle between the positive sequence of the grid voltage space vector Ē + = E + e j ω t and the converter input current space vector namelyĪ m as illustrated in Fig. 2 . Since i m d is the direct component of modulated currents (i m a,m b,m c ) , therefore, it cannot be sensed with the aim to compute the instantaneous value of (17) . By neglecting the power losses in the high frequency filter, one can assume the direct component i d is similar to i m d . Consequently, it can be used in (17) without loss of accuracy. Finally, the input current's direction, that is determined according to (17) , can be synthesized using the SVPWM technique which consists in impressing at each sampling period the two active vectors adjacent toĪ m with the opportune duty cycles, namely d 1R and d 2R as depicted in Fig. 2 .
C. Stability Analysis
The steady state and dynamic performance of the controller greatly depend on the gain of proportional, integral, and resonant terms.
Basically, the high frequency system response (transient response) is managed by the proportional gain whereas; the steady-state error and the phase margin are determined by the integral and resonant gains. The most commonly used approach to obtain the appropriate gains and to study the system's stability is usually based on Bode diagrams and the phase margin criterion that require precise knowledge of the open-loop transfer function of the plant under control. Substituting first (16a) into 
It is now straightforward to describe the closed-loop control system computed in (18) . The loop gain curve shows five different cross-over frequencies for each case. The first one (f c1 ) is due to the integral term of the controller and is located at the neighboring of dc frequencies. Two others cross-over frequencies (f c2 , f c3 ) are located around the controller's resonant frequency. The remaining two crossover frequencies (f c4 , f c5 ) are located around the input filter resonant frequency (1 kHz). The most critical case is located at the right side of the input filter resonant frequency since the corresponding phase margin is the closest to −180°phase line. On the other hand, it can be observed clearly that a larger value of the resonant term increases the gain at the resonance frequency of the controller implying that a better accuracy is achieved in steady-state operation. However, this benefit is obtained at the cost of phase margin decrease as the resonant gain increases. Fig. 4(a) shows also that the phase margins obtained with both values of K IR are too small to ensure a robust stability. A further decrease of K IR is not suitable since it will worsen the accuracy at steady-state operation. The only permissible solution is therefore to decrease the proportional gain K p . Fig. 4(b) displays the Bode diagrams obtained with K I = K IR = 15 and K p = 0.03. The obtained phase margin is theoretically greater than 40°. However, it is worthy to point out that the above analysis was done without considering the effect of the delays caused by the sampling phenomenon as well as by the current and voltage transducers. (20) gives a more realistic open-loop transfer function including one sampling period delay(e −T s )
The corresponding Bode plot of Fig. 4 (c) (black curve) shows clearly that the phase margin becomes smaller and thereby is not sufficient to ensure a robust stability. It is therefore obvious to conclude that a lower value of K p that provides a gain below the 0 dB line is mandatory to avoid the stability problem at the resonant frequency of the filter. Fig. 4(c) (gray curve), shows the Bode plot for K p = 0.01; as compared to the previous case (black curve), it is clear that the filter gain at resonance frequency is well damped so that the gain curve will never cross over the 0 dB line at this critical frequency. Moreover, the gains at the dc and the controller's resonant frequencies remain unchanged implying that no negative impact will occur on the steady-state error. It was experimentally tested that a suitable value of the proportional gain below 0.03 is K p = 0.01. This value leads to a satisfactory performance for line current THD which is an important constraint.
D. Extension to Four-Wire Configuration
As compared to the three-wire converters structures, the four-wire configuration introduces a zero-sequence current path which is helpful to achieve a better power control performance [20] . Therefore, to extend the proposed control-theory to the four-wire configuration, it is mandatory to design an additional loop so as to enable the controllability of the zero-sequence current flowing through the neutral point.
The authors underline that, to their best knowledge, the most commonly used matrix converters topologies are connected to grid through a three-wire system. The four-wire system has been adopted in case of unbalanced load which is out the scope of this paper. In this case, the common neutral point of the load was connected to the midpoint of an additional leg of the inverter stage giving rise to a modified topology named the four-leg IMC [44] .
IV. CONTROL OF OUTPUT VOLTAGES AND ACTIVE POWER
For the sake of simplicity, the converter's losses are assumed to be neglected. Therefore, if balanced output voltages and currents are provided at the load side of the converter, the input active power is inherently free of double-frequency ripple components. For this purpose, a straightforward method will be presented hereafter so as to provide balanced output voltages when the converter is tied to an unbalanced grid. Therefore, a real-time estimator of the dc-link voltage is developed based upon the measurement of instantaneous grid voltages as well as an average switching function of the grid side converter.
As an example, assume the input current reference vectorĪ m is residing within sector 1 of the complex plane as illustrated in Fig. 2 . In this situation, the upper switch of phase-leg a is turned 
On the other hand, letγ i be defined as the instantaneous phase angle ofĪ m within its operating sector as seen in Fig. 2 
In (22a) K i is the sector number whereĪ m is lying. In this case, the duty cycles d 1R and d 2R can be expressed as a function ofγ i such that [4] 
Therefore, (21b) can be rewritten as follows:
It follows that the average value of the dc-link voltage can be expressed as
. (24) E * is the conjugate space vector of the grid voltages. ϕ i is the instantaneous phase angle between the positive sequence of the grid voltage space vector andĪ m that is computed in real time by the PIR controller as explained above in Section III-B. Consequently, the real-time estimator should operate downstream of the PIR based control loop. On the other hand, one can observe that the nominator of the estimated dc-link voltage [see (24) ] includes a double-frequency ripple term due to the grid imbalance. Such term that appears in the denominator is due to modulation scheme of the grid side converter. Note also that the upper term of (24) needs less computational burden as compared to the lower term of the same equation, since it avoids using trigonometric functions and the division operator. Therefore, the real-time implementation of the dc-link voltage estimator is based on the upper term of (24) where the value of S G T c is updated according to (21b). Assume now the dc-link voltage is constant within a sampling period and is equal to its average value. A balanced output voltage system can therefore be provided at the load side simply by impressing the active vectors of the load side converter by an unbalanced system of duty cycles as shown in (25) (17) . This allows performing the SVPWM scheme of the grid side converter and also the estimation of the dc-link voltage according to the upper term of (24) and (21b). Therefore, the SVPWM of the load side converter is performed according to (25) . Finally, the block "switching pattern distribution" generates the appropriate gating pulses for the grid side and load side parts of the IMC.
V. MAXIMUM VOLTAGE TRANSFER RATIO
Assume first that the load side converter operates as a conventional voltage source inverter supplied by a constant dc source. The relationship between the amplitude of the output voltage fundamental component and the dc source voltage is defined as a function of the inverter modulation index M I such that
It is well known that when the output voltages are modulated with the SVPWM scheme, the maximum value of M I is M I max = 1.155. On the other hand, Fig. 7 displays the grid voltage vector locus whereĒ + = E + e j ω i t is the vector equivalent to the positive sequence component and rotating
is the vector equivalent to the negative sequence component and rotating clockwise. Fig. 7 shows clearly that the grid voltage vectorĒ is rotating in an elliptical trajectory because of the negative sequence component. Therefore, the amplitude ofĒ is time varying while being bounded between the amplitudes of the major and minor axis. Its minimum value is equal to (E + − E − ) and occurs whenĒ + andĒ − have the same direction but opposite sense, i.e.
The maximum amplitude ofĒ is equal to (E + + E − ) and occurs whenĒ + andĒ − are oriented toward the same direction and sense, i.e.
Therefore, to determine the maximum voltage transfer ratio, it is obvious to consider the worst case corresponding to the minimum amplitude of the grid voltage vector. Substituting (27) in (24), the expression of V dc corresponding to this worst case scenario is therefore given by
The ripple term in the denominator of (29) is obviously due to the modulation phenomenon of the grid side converter. Therefore, the lowest amplitude of V dc T c is achieved when the denominator is equal to 1 which yields to
It is now evident to conclude that the maximum amplitude of the output voltage fundamental component in the linear region operation can be found by combining (30) , (26) and substituting M I by its maximum value (M I max ) which yieldŝ
The maximum voltage transfer ratio defined as q max = V omax /E + is thereby deduced from (31) as shown in (32) where u = E − /E + is the grid voltage imbalance degree
If u = 0, case of balanced system, one can find the usual q max value: q max = 0.866 cosϕ i .
VI. EXPERIMENTAL VALIDATION
A laboratory prototype of an IMC connected to unbalanced three-phase voltage sources and feeding a three-phase starconnected RL-load is built to evaluate the performance of the proposed control methodology. A photo of the realized prototype is illustrated in Fig. 8 . The voltage imbalance is provided using three single-phase autotransformers. Both control and modulation algorithms were fully implemented on the DSP processor TMS 320F28335 of TI with a switching frequency and a sampling rate of 7.5 kHz. The parameters of the experimental setup and controller used in the following tests are detailed in Table I . The average reactive power reference is set to zero (Q in 0 r e f = 0). The performance of the proposed control method is first evaluated under a 15% decrease of one phase amplitude as illustrated in Fig. 9(a) . The distortions observed in the grid voltages waveforms are caused by nonlinear loads connected to the grid. The target output to the input voltage transfer ratio with respect to the positive-sequence amplitude is set to q = 0.75 while the load frequency is set to f o = 70 Hz. Fig. 9(b) shows the waveforms of the input filter capacitors voltages. One can observe, in addition to the same voltage imbalance dictated by the grid, high frequency distortion mainly due to the high switching frequency current harmonics flowing into the capacitors. Fig. 10 (a) and (b) illustrates a phase to neutral output voltage waveform as well as the three load currents. Despite the grid voltage imbalance, the converter is able to provide threephase balanced and sinusoidal load currents as observed in Fig. 10(b) . The immediate consequence of balancing the load currents/voltages can be observed in the active power waveform shown in Fig. 11 . The latter is effectively free of doublefrequency ripple mainly caused by the grid voltage imbalance. Moreover, except the high-frequency ripple, the obtained active power waveform is almost constant in steady-state operation. This result emphasizes the effectiveness of the load side converter's control methodology as well as the accuracy of the proposed estimator.
On the other hand, Fig. 12(a) shows that the currents in- The THD measured using the power analysis tool found on the scope "Teldyne Lecroy" HDO6104-HD4096 is 6.12% for i a , 6.4% for i b , and 6.34% for i c , respectively. Moreover, by inspecting Fig. 12(b) , one can observe that the line currents are almost in phase with their corresponding grid voltages, i.e., a near unity input power factor is achieved. This interpretation is emphasized by the result of Fig. 11 which shows clearly that the average reactive power is very close to zero.
Thus, it can be concluded that the proposed reactive power loop performs a satisfactory steady-state tracking of the reference Q in 0 ref which was set to zero. It is also clear that the reactive power waveform includes a ripple component oscillating at twice the grid frequency. This result is quite normal as expected by (5) of the theoretical analysis carried out in Section II. Note also that only the low-frequency ripple of the active power is removed. Indeed, in the existing control theories applied to converters tied to unbalanced grid voltages, when the constraint of sinusoidal line currents is imposed, therefore, it is not possible to compensate perfectly and simultaneously active and reactive power ripples in case of three-phase three-wire conversion topologies [45] .
As in practice, the IMC should operate with different output voltages and frequencies; the performance of the proposed methodology is therefore tested for an abrupt change of both q (q changed from 0.75 to 0.55) and f o (f o changed from 70 to 50 Hz). Fig. 13 shows that the system performs very well during both steady-state and transient operation. Moreover, for the two operating points the line current remains in phase with its corresponding grid voltage.
In Fig. 14 are shown the active and reactive power waveforms. It can be observed that the average value of the reactive power is not affected by the abrupt decrease of the active power and remains very close to zero, i.e., the converter remains operating at near unity input power factor. Since no closed-loop control algorithms were proposed in the earlier literature so as to control the input power factor of IMC operating under unbalanced grid voltages, a comparative study with earlier methods has no meaning. However, in order to show the benefits of the proposed method, the same previous test was carried out without the reactive power loop (the PIR controller and disturbance rejection terms are disabled). Fig. 15 shows clearly that the average reactive power is different from zero for the two operating points.
Obviously, a further decrease of q will lead to a more important variation of the reactive power exchanged with the grid. Therefore, in the absence of the reactive power control loop, when the converter is forced to operate at low value of q, the input power factor may reach lower value, which will definitely have negative impact on the grid.
In a second test, the amplitude of E a is decreased by 10% while the one of E c is decreased by 5% as shown in Fig. 16 . The result illustrated in Fig. 17 shows clearly that converter is also able to provide balanced current to the load. Moreover, the line currents remain sinusoidal and in phase with their corresponding grid voltages as shown in Fig. 18 . Therefore, the unity input power factor operation is also achieved. These results confirm that the proposed reactive power controller and dc-link voltage estimator operate perfectly even under these unfavorable conditions of the grid voltages.
VII. CONCLUSION
This paper introduced an advanced control method for an IMC operating under unbalanced grid voltages in order to provide balanced output voltages and achieve a near unity input power factor operation. The benefit of the proposed reactive power controller is the use of a single control loop thanks to the feature of the PIR controller which is able to perform the tracking of both dc and oscillating terms existing in the input current reference. The experimental tests showed that this controller operates very efficiently and confirm its capability to drive the converter with a near unity input power factor even under variable active power demanded by the load. On the other hand, a real-time estimator of the dc-link voltage was successfully constructed based on the instantaneous measurement of grid voltages as well as an average switching function of the grid side converter.
This estimator, which operates downstream of the PIR control loop, allows the converter to provide balanced output voltages and consequently an almost constant active power free of lowfrequency ripple supplied from the grid. 
Moreover, the following relationships are derived from (10):
Therefore, reporting (9a), (A2), and (A3), into (A1) yields (12a). On the other hand, according to (11b), the expression of I 
